tion of glutathione peroxidase diversity in the symbiotic sea anemone Anemonia viridis. Biochimie, Elsevier, 2016, 132, pp.94 -101. 10.1016/j.biochi.2016 M A N U S C R I P T Cnidarians living in symbiosis with photosynthetic dinoflagellates (commonly named 22 zooxanthellae) are exposed to high concentrations of reactive oxygen species (ROS) upon 23 illumination. To quench ROS production, both the cnidarian host and zooxanthellae express a full 24 suite of antioxidant enzymes. Studying antioxidative balance is therefore crucial to understanding 25 how symbiotic cnidarians cope with ROS production. We characterized glutathione peroxidases 26 (GPx) in the symbiotic cnidarian Anemonia viridis by analysis of their isoform diversity, their 27 activity distribution in the three cellular compartments (ectoderm, endoderm and zooxanthellae) and 28 their involvement in the response to thermal stress. We identified a GPx repertoire through a 29 phylogenetic analysis showing 7 GPx transcripts belonging to the A. viridis host and 4 GPx 30 transcripts strongly related to Symbiodinium sp. The biochemical approach, used for the first time 31 with a cnidarian species, allowed the identification of GPx activity in the three cellular 32 compartments and in the animal mitochondrial fraction, and revealed a high GPx electrophoretic 33 diversity. The symbiotic lifestyle of zooxanthellae requires more GPx activity and diversity than 34 that of free-living species. Heat stress induced no modification of GPx activities. We highlight a 35 high GPx diversity in A. viridis tissues by genomic and biochemical approaches. GPx activities 36 represent an overall constitutive enzymatic pattern inherent to symbiotic lifestyle adaptation. This 37 work allows the characterization of the GPx family in a symbiotic cnidarian and establishes a 38 foundation for future studies of GPx in symbiotic cnidarians. 39 40
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6 NaCl 50 mM, EGTA 3mM, HEPES 30 mM, K 2 HPO 4 2 mM, pH 7.6) with 0.5% fatty acid free and 142 10 µg ml -1 protease inhibitor cocktail, and homogenized using a glass homogenizer. Homogenate 143 was centrifuged at 3,000xg for 10 min at 4°C to remove zooxanthellae and the supernatant was 144 recovered for a second centrifugation at 3000xg for 10 min. The resulting supernatant, containing 145 the animal mitochondrial fraction without zooxanthellae, was recovered and centrifuged at 146 15,000xg for 10 min. The pellet, containing mitochondria, was resuspended in the cold enrichment 147 buffer and mitochondrial membranes were broken by pipette stirring. 148 149
Spectrophotometric measurement of GPx activity 150
GPx activity (selenium-dependent and non-selenium-dependent) was measured according to the 151 method of Paglia and Valentine [30] and Weydert and Cullen [31] . This method is based on the 152
GPx catalytic oxidation of glutathione by cumene hydroperoxide in the presence of glutathione 153 reductase and NADPH. Oxidized glutathione formed by the GPx reaction (H 2 O 2 +2GSH → GSSG 154 + 2H 2 O) is continuously reduced by glutathione reductase activity (GSSG + NADPH + H + → 155 2GSH + NADP + ). GPx activity was therefore calculated from the decrease in NADPH absorbance 156 at 340 nm over 10 min. Samples containing 100 µg of protein were added into the assay mixture 157 and the reaction was initiated by the addition of the cumene hydroperoxide. The assay mixture 158 included 0.5 mM cumene hydroperoxide (247502), 10 mM GSH (G-4251), 30 mM sodium azide 159 (S-2002), 3.6 mM NADPH (N-7505) and 5 u/ml glutathione reductase (G-3664) in 50 mM 160 phosphate buffer pH 7.6. GPx units, defined as the degradation of 1 µmol of NADPH per minute, 161
were calculated using a molar extinction coefficient for NADPH at 340 nm of 6 GPx activities in each tissue compartment were monitored by 10% non-denaturing polyacrylamide 166 gel electrophoresis (PAGE) and GPx isoforms were highlighted by staining the gel with 3-(4,5-167 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), as described by Lin et al. [32] . The 168 gel was loaded with 100-200 µg of soluble protein, depending of the animal compartment. GPx 169 from bovine erythrocytes (G-6137) was used as the internal standard (50 mU per lane). After 170 electrophoretic separation, the gel were equilibrated for 15 min in tris HCl 50 mM, pH 7.7 at 4°C, 171 and incubated in GSH with H 2 O 2 solution (13 mM GSH, 0.004% H 2 O 2 , tris HCl 50 mM, pH 7.7) 172
for 10 min at 4°C in the dark. GPx activities were revealed by soaking the gel in the dark for 5 min 173 in a solution of 24 mM MTT (M-2128), 160 mM phenazine methosulfate (P-9625) and tris HCl 50 174 mM, pH 7.7. When achromatic bands began to form, the stain was poured off and rinsed 175 extensively with double-distilled H 2 O. Achromatic bands demonstrated the presence of GPxM A N U S C R I P T 
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GPx phylogenetic analysis 217
We queried the available transcriptome of A. viridis for the presence of GPx sequences. We 218 identified 11 A. viridis putative GPx-encoding transcripts belonging to different GPx families 219 (Table 1) . Similarity searches and detailed analyses of the phylogenetic affiliation of GPx A. viridis 220 gene sequences revealed the presence of 7 GPx transcripts belonging to the 4 main metazoan groups 221 (5 having a tetrameric structure and 2 a monomeric structure). 4 GPx transcripts strongly related to 222 Symbiodinium sp. GPx were observed (1 having a dimeric structure and 3 a monomeric structure) 223 ( Fig. 1 and Table 1 sequences presented the resolving cysteine in the cysteine-block, which is important for thioredoxin 229 specificity (data not shown). Finally, we noticed the presence of a GPx-like fungal sequence ( 
Spectrophotometric analysis of GPx activity 242
Active GPx isoforms and tissue-specific distributions of their activity were evaluated in the animal 243 compartments of A. viridis (endoderm and ectoderm), the freshly isolated zooxanthellae, and the 244 animal mitochondrial fraction (Fig. 2) . The ectodermal and endodermal fractions displayed similar 245
GPx activities of, respectively, 38.7 ± 5.5 and 30.9 ± 4.6 mU mg -1 protein (p=0.31 Nemenyi test). In 246 contrast, the animal mitochondrial fraction displayed much reduced GPx activity, with 15.5 ± 0.6 247 mU mg -1 protein (Nemenyi test, p<0.001). GPx analysis of freshly isolated zooxanthellae and 248 cultured zooxanthellae showed significant differences, with minimal activity in cultured cells (7.2 ± 249 0.6 mU mg 
GPx activity staining on native gels 259
To determine GPx electrophoretype diversity in the various A. viridis compartments, different 260 amounts of protein extract were resolved by native PAGE staining for GPx activities. Fig. 3 shows 261 a representative tissue-specific electrophoresis pattern of GPx activity. The different isoforms, 262 revealed as achromatic bands, were numbered in order of their migration distance. In the ectoderm, 263 two bands were detected. These bands, named electrophoretypes 1 and 2, were also detected in the 264 endoderm extract with identical migration characteristics. In the endoderm, a third band, less 265 intense than the two others, was observed below electrophoretype 2. For the animal mitochondrial 266 fraction, only one band was detected, at the same migration distance as electrophoretype 1 of theM A N U S C R I P T
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13 ectoderm and endoderm extracts. The GPx patterns of the freshly isolated and cultured 268 zooxanthellae underlined the major differences between their two life-styles. In freshly isolated 269 zooxanthellae, at least 7 distinct electrophoretypes were seen with different intensities, with 270 electrophoretypes 2, 4 and 6 showing the highest band intensities. In cultured zooxanthellae, GPx 271 activities were characterized by 4 electrophoretypes, with intense electrophoretype 1 activity. 272
273 Surprisingly, this staining method also revealed dark chromatic bands in the animal fraction, which 274 could hide the presence of additional GPx activities (Fig. 3) . In order to characterize the dark 275 chromatic bands, we performed additional GP X native PAGE assays in the presence of new internal GPx classes (Fig. 1 ). This analysis confirmed that the common ancestor diverged in two groups, 316
GPx7/4 and GPx1/2/3/5/6, followed by multiple duplication events in the early stage of GPx 317 evolution [21, 45] . A comparison between the non-symbiotic cnidarian N. vectensis and the two 318 symbiotic cnidarians, A. viridis and A. digitifera, highlights a higher number of GPx transcripts in 319 these symbiotic species, with N. vectensis lacking GPx1/2 and GPx4. This trend could be correlated 320 to an adaptation to the highly oxidative state encountered by these symbiotic organisms, and which 321 is controlled by a diverse array of antioxidant defenses as already demonstrated with respect to 322 SOD diversity [13, 28] , or alternatively by the selection in N. vectensis of other H 2 O 2 -scavenging 323 enzymes, such as catalases or other peroxidases. In Symbiodinium sp., the GPx transcripts examined 324 showed less diversification, with two major evolutive groups within the GPx7/4 branch. 325
326
In metazoans, different GPx isoforms have specific cellular and subcellular localizations, and 327 specific reducing functions [19, 21] . The phenotypic role of the A. viridis GPx repertoire was 328 determined with protein extracts specifically isolated from both animal epithelia and the symbiont, 329 enabled by a method that readily separates the tissue layers. The qualitative analysis of GPx by 330 electrophoretic method, conducted for the first time in a cnidarian by native PAGE, revealed the 331 presence of several active GPx isoforms. At least three active GPx isoforms were observed in the 332 animal tissues, with two isoforms identified in both ectodermal and endodermal tissues. However, 333 the presence of dark chromatic bands in animal epithelia, possibly hiding additional GPx proteins, 334 prevented the fully characterization of the GPx diversity pattern in the animal tissues. 335
Complementary studies have to be carried out to determine the nature of this sharp reduction of 336 M A N U S C R I P T
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revealing the activity of enzymes such as cystathionine gamma-lyase, methionine gamma-lyase and 338 cysteine lyase (Ukai and Sekiya, 1997). Among the three active GPx isoforms, the identification of 339 the electrophoretype 1 in the mitochondrial extract, suggests its specificity to this subcellular 340 compartment. The mitochondrial respiratory chain is the second main producer of ROS, so it was 341 unsurprising to measure GPx activities in animal extracts enriched in mitochondria. The 342 electrophoretype 1 could correspond to AviridisGPxa or AviridisGPxj, for which phylogenetic 343 analysis suggested their close affiliation to the mitochondrial GPx1 or GPx4 isoforms [50] . With 344 respect to the symbionts, the absence of dark chromatic bands in both symbiont fractions allows to 345 identify the complete pattern of their GPx diversities. Cultured zooxathellae possessed at least 4 346 distincts electrophoretypes and freshly isolated zooxanthellae possessed at least 7 distinct 347 electrophoretypes that could correspond to different isoforms of the four Symbiodinium GPx 348 sequences found in the transcriptome. The quantitative analysis by spectrophotometry revealed that the ectodermal and endodermal 361 fractions displayed the highest GPx activities, with the zooxanthellae displaying two times less 362 activity (Fig. 2) . These results corroborate the host and symbiont transcript diversity (Fig.1) , and a 363 previous study of GPx immunolocalization in A. viridis tissue [24] . Moreover, contrary to the direct 364 ROS enzymatic defenses (i.e. CAT and ascorbate peroxidase (APx, EC 1.11.1.11)), GPx4 has an 365 important affinity for fats and lipids, and can interact with lipophilic substrates such as peroxidized 366 phospholipids and cholesterol [46, 47] . Thus, the higher activities observed in the animal can be 367 correlated to the significant presence of highly polyunsaturated fatty acids in the tissues of the sea 368 anemone compared to the low concentration present in the zooxanthellae [48, 49] . Despite the 369 localization of the symbiont, the main ROS producer, to the endodermal tissue, our results revealed 370 the same level of GPx activity in both the ectoderm and endoderm. This identical level can be 371 explained by high hydroperoxide tissue permeability and the simultaneous presence of GPx andM A N U S C R I P T
catalase owing a high detoxification capacity [44] . 373
374
Concerning the symbiont, a low level of total GPx activity was measured in the freshly isolated 375 zooxanthellae when compared to activity in the animal. The production of H 2 O 2 and its diffusion 376 through biological membranes to the external seawater [6] we investigated the transcriptomic response to thermal stress in A. viridis and found that the 394 transcription of some GPx was repressed under heat stress [26] , but in the present study we showed 395 no modification of protein expression during heat stress. An identical result has also been observed 396 by Richier et al. [4, 13] for SOD activity during the same heat stress in A. viridis. Thus, both 397 electrophoretype patterns and GPx activities, which are stable under heat stress, suggest an overall 398 constitutive and non-inducible activity, which may be an inherent adaptation to a symbiotic 399 lifestyle. Taken together, these results suggest that the absence of antioxidant enzyme activation 400 during stress is the result of a preconditioning of the animal by daily endogenous oxygen variations 401 that push the antioxidant system to the upper limit of its plasticity. 
